The estimated yearly influx of petroleum pollutants in the sea has been estimated to be as high as 10 million tons (3) . Large amounts of crude oil disappear by weathering and microbial degradation (18) . Weathering includes evaporation of volatile constituents, emulsification in water, and sinking or beaching. Degradation occurs by spontaneous and microbial oxidation. Several approaches for solving the problem of oil pollution have been described (5, 10, 17) , but each has its limitations. Numerous investigators have studied the possibility of using microorganisms (1, 4, 9, 12, 13, 15) to increase the natural biodegradation ofpetroleum, but it is too slow to have practical importance for oil cleanup. Inoculation of oil-polluted areas with oil-decomposing microorganisms seems to be ineffective because of growth-limiting nitrogen and phosphorus concentration in seawater (9, 19) .
The effectiveness of nitrogen and phosphorus compounds as fertilizers for petroleum biodegradation has been established in laboratory experiments (1), but because of their rapid dissolution these salts have little or no effect when applied in the sea. In an attempt to develop a slow-release fertilizer, which also sticks to the oil, paraffinized urea and octylphosphate were tested in laboratory experiments and under simulated marine conditions (2). This study describes a similar approach to the problem of crude oil biodegradation using a new lipophilic slow-release fertilizer formulation with a single nitrogen-and 'phosphorus-containing compound.
MATERIALS AND METHODS
Crude oil. The type, origin, and physicochemical properties of the crude oil used in these experiments are reported in Table 1. Organisms. Counts of viable microorganisms were performed by plating on marine agar 2216 (Difco) after incubation for 2 days at 25 C. Hydrocarbon-oxidizing bacteria were determined by the mostprobable-number technique as described by Gunkel (6), using a liquid medium containing crude oil as the sole carbon source. The pH of the fresh seawater from the port of Ortona, (Pescara, Italy) was 7 (14) , using a calibration curve and measuring the area of the bands between 2,980 cm-l and 2,820 cm-'. The analysis of n-saturated (alkanes) was made by gas chromatography using a Hewlett-Packard model 7620 gas chromatograph equipped-with a flame ionization detector and automatic integrator.
In the case of field experiments, extractions were carried out by washing the net and the inside area of the floats three times with CCl4. The solvent fractions were pooled, evaporated to dryness in a rotary evaporator, and weighed. The crude oil residues were then analyzed as follows: the asphaltenes on a Hyflo Supercel column; the saturates (alkanes) and aromatic and NSO (polar N-, S-, and 0-containing materials) fractions on a silica gel-alumina column, using n-pentane-benzene-methanol (7). Determination of n-alkanes was made by gas-liquid chromatography. RESULTS
Counts of heterotrophic bacteria in seawater samples ranged between 2 x 104 to 5 x 104 viable cells/ml; the hydrocarbon-oxidizing bacteria ranged between 90 to 100/100 ml.
Microbial degradation in laboratory experiments. The effect of temperature on the rate of crude oil biodegradation is shown in Fig. 2 .
The utilization of alkanes, evaluated by gasliquid chromatography (Fig. 3) , is reported in Table 2 .
The losses of the lower parafflns due to evaporation and to "spontaneous" utilization (attributable to nitrogen and phosphorus naturally present in seawater) were about 32.5 and 2.5% with 10% UCC-982 (methyl vinyl silicone) on Chromosorb W, 80 to 100 mesh. The column temperature was programmed at 60 C for 4 min; from 60 to 140 C at 6 C/min, held isothermally for 1 min; from 140 to 220 C at 6 C/min, held isothermally for 14 min; from 220 to 300 C at 6 C/min, held isothermally for 30 min. Injector block temperature was 400 C, detector temperature was 370 C, and helium flow rate was 60 mllmin. of the total paraffins up to C33, respectively. In the presence of the fertilizer, 75% of the paraffins up to C,. (including the paraffins added with PSF) were depleted.
Biodegradation in field experiments. The fate of Sarir crude oil from field and laboratory experiments is summarized in Fig. 4 . The recovery from the control area (no PSF added) was about 60% (wt/wt) after 21 days. The loss is attributable to the weathering processes and to spontaneous microbial metabolism. The recovery of petroleum products from the fertilized area, after 21 days, was about 46% (wt/wt). Up to 20% of the recovered oil may be attributable to the paraffin of PSF. In other words, the net microbial degradation of crude oil ascribed to PSF is about 38% (wt/wt). Using the isoprenoid hydrocarbon phytane as biological marker (8, 11) , the net crude oil depletion in the fertilized area corresponded to about 34%. Some authors suggest that the use of phytane as a biological marker has to be interpreted with care (7) . In the present work the crude oil recovery data, calculated by using phytane as internal standard, are in good agreement with the value obtained from gravimetric analysis. The results of liquid chromatographic analysis of Sarir crude oil are reported in Table 3 . The loss of hydrocarbon classes in the field experiments, as compared to unexposed but topped (250 C) Sarir crude oil, is reported in Fig. 5 . The saturated fraction shows a decrease of about 57% as compared to the topped crude oil. A part of the loss (30%) is to be attributed to natural processes such as evaporation, solubilization, and spontaneous biodegradation; the rest (27%) is the result of the fertilizer treatment. It should be noted that the paraffin added to the nutrient salts of the PSF contribute to the total 45% paraffin residue. The total loss of aromatics is about 44%, 30% of which is attributed to PSF-stimulated biodegradation. MgNH4PO4 has a low nitrogen content (9.0% in the monohydrate form, 5.7% in the hexaydrate), and this requires the use of 30 to 50 parts of PSF per 100 parts of oil to reach the optimal salt/oil ratio as determined from batch experiments. In the sea, the natural turnover of nitrogen seems to be high enough (12) to allow for the reduction of the fertilizer-oil ratio. To evaluate the use of PSF in practical and economical terms, further field experiments are necessary with the aim of determining the minimum amount of PSF still stimulatory to the microbial degradation of oil.
In conclusion, we believe, on the basis of our work, that the use of PSF, alone or combined with microbial inocula depending on environmental conditions, can be a way to solve the problem of oil clean-up.
We suggest that PSF could be used as a complement to the mechanical recovery, acting on the portion of the oil left behind by this process, and as a valid alternative to dispersion or sinking, which are, up to now, the most frequently used treatments. The latter two measures are effective only from the cosmetic point of view, but they do not eliminate the toxic components of the oil. In fact, the sinking process extends the toxicity fromn the surface to the seafloor (13), a The data in this column were normalized on the basis of topped (250 C) weight of oil (67.50%).°T he data in this column were normalized on the basis of the recovery value (60.00%). c The data in this column were normalized on the basis of the recovery value (45.43%). and dispersants often produce oil emulsions Marina Mercantile) for giving permission for the open sea that are more toxic than either the crude oil or experiment. We wish to thank the Deposito Costiero AGIP the dispersant alone (16) .
of Ortona for making their facilities available for our study.
